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ABSTRACT The capability of selected pharmaceuticals to act as nontraditional endocrine disrupting chemicals in the
environment has been poorly documented. The widely prescribed antidiabetic metformin has the potential to accumulate and
persist in water bodies, with unknown consequences for aquatic biota. This study reports the biological responses of a sentinel
organism, common musselMytilus edulis, exposed to concentrations of metformin commonly found in the aquatic environment,
coupled with heat stress. The results indicate that metformin has the potential to increase the vitellogenin mRNA expression, to
inflict severe pathologies of the gonad and to destabilize the lysosomal membrane in the hemocytes. Overall, this article suggests
that metformin should be considered an emerging contaminant of concern and further research should focus on its mechanisms of
action.
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INTRODUCTION
Water contamination with pharmaceuticals is emerging as
a new challenge in clean water legislation. These pollutants are
largely untouched through treatment works and are hugely
disruptive to aquatic ecosystems. There is a growing body of
literature reporting the presence and effects of pharmaceuticals
in freshwater environments (Burkina et al. 2015, de Solla et al.
2016, Klaper & Niemuth 2016, Papageorgiou et al. 2016,
Bradley et al. 2017); however studies on marine organisms are
limited. Only recently, several articles have reported the impact
of selected pharmaceuticals on the physiology and behavior of
marine species (Gonzalez-Rey & Bebianno 2012, Matozzo et al.
2016, Cappello et al. 2017, McCallum et al. 2017). Some
pharmaceuticals have unveiled their potential to act as non-
classical endocrine disrupting chemicals (EDCs) (Pery et al.
2008, Mennigen et al. 2010, Gonzalez-Rey & Bebianno 2012,
Niemuth et al. 2014, Dorelle et al. 2017). Endocrine disruption
has been recorded mainly in species living close to coastal
environments, with most documented effects including imposex
and localized population extinction in marine molluscs (Tyler &
Goodhead 2010).
Interestingly, a seasonal variation in the occurrence and
concentration of pharmaceuticals in water bodies has been
often recorded (Archana et al. 2017), raising the question of
cumulative effects of elevated temperature of the surface waters
and the putative high levels of pharmaceuticals, during the hot
season/summer months. Yang et al. (2017) showed that the
overall pharmaceutical levels both in surface water and riverside
groundwater are detected at higher concentrations during the
dry season.
Data on multi stressor effects on aquatic biota, especially on
marine organisms are starting to emerge. Crain et al. (2008)
reviewed 171 studies thatmanipulated two ormore stressors in the
marine environment and found that the cumulative effects in
individual studies were additive (26%), synergistic (36%), or
antagonistic (38%). The toxicity of pharmaceutical contaminants
is likely to increase with increased temperatures. Gagne et al.
(2013) and Negri et al. (2013) highlighted the risk of oxidative
alteration, via increased production of reactive oxygen species, in
organisms exposed to chemical pollutants along with thermal
stress.
Patra et al. (2015) noted that endosulfan is more toxic to
silver perch at 30 and 35C exposure, than at 15, 20 and 25C.
Kim et al. (2010) showed that an increase in water temperature
is likely to enhance the acute toxicity of the acetaminophen,
enrofloxacin, and chlortetracycline, potentially because of
alteration in toxicokinetics of chemicals and impact on physi-
ological mechanisms of the organisms.
Metformin, a first line pharmaceutical in the treatment of
type 2 diabetes, is among the most prescribed pharmaceutical
worldwide (Laak et al. 2014), and one with the highest emission
in the environment, on a mass basis. The average concentration
of metformin in raw waste waters exceeds the concentrations of
other pharmaceuticals by roughly two orders of magnitude
(Oosterhuis et al. 2013). Recent studies conducted on US
streams (Bradley et al. 2017), waste waters in Greece (Kosma
et al. 2015), subarctic locations in Faroe Islands, Iceland, and
Greenland (Huber et al. 2016), and freshwater environment in
Korea (Ji et al. 2016) and Vietnam (Chau et al. 2015) showed
that metformin is one of the 10 most frequently detected
designed bioactive contaminants. Data on the levels of metfor-
min and its metabolite, guanylurea, show that the threshold of
toxicological concern is exceeded 5–10 times in EU surface
waters (European Environment Agency 2010). Aquatic con-
tamination with metformin has been recently documented by
Scheurer et al. (2009, 2012), Trautwein and K€ummerer (2011),
(2014), Oosterhuis et al. (2013), and Niemuth et al. (2014). Still,
despite alarming concentrations being frequently detected
(0.06–129 mg/L), only few studies have investigated the ecotox-
icological effect of metformin on aquatic organisms.
This article reports for the first time the cumulative effects of
temperature and the pharmaceutical metformin in the blue
mussels Mytilus edulis after a short exposure under laboratory
conditions. The experimental design aims to quantify the
biological responses of mussels using the Q10 temperature
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coefficient, as suggested by Jansen et al. (2007), taking into
consideration the thermal stress experienced by intertidal
mussels alternating between aerial and aquatic habitats. Three
putative target genes, estrogen receptor 2 (ER2), vitelline
envelope zona pellucida domain 9 (V9), and vitellogenin (VTG)
have been selected to assess the potential endocrine disrupting
end point response, whereas lysosomal membrane stability and
gonad histopathology have been chosen as indicators of
immune competence/reproductive impairment-related effects.
As inhabitants of the intertidal zone, blue mussels Mytilus
edulis are commonly used as a bioindicator species because of
their propensity to concentrate contaminants. They are also
widely used in ecotoxicology studies worldwide (Cubero-Leon &
Ciocan 2013), conducted in field with native (Hagger et al. 2010)
or cagedmussels (Cappello et al. 2015,Maisano et al. 2017), and
carried out under controlled laboratory conditions (Giannetto
et al. 2015).
MATERIALS AND METHODS
Sample Collection
Blue musselsMytilus eduliswere collected fromHove beach,
East Sussex, UK (50 49# 25.4$ N 0 10# 19.8$ W) in January
2016. Individuals of similar size (35–50 mm) were collected
manually at low tide. Mussels were kept on ice and transferred
immediately to the exposure room. After collection, all mussels
were cleaned and placed in a cooling system with artificial
seawater (Instant Ocean Sea Salt) prepared as per manufacturer
instruction. All mussels were acclimatized at 10 ± 1C for 6 days
before exposures.
Exposure Conditions
Mussels were exposed for 7 days to cumulative effects of
metformin and temperature, under controlled laboratory con-
ditions. Metformin stock solution was prepared by dissolving
12 mg metformin hydrochloride (Sigma-Aldrich) to 1 L reverse
osmosis water. This stock solution was used to spike the
exposure tanks with the final concentration of 40 mg/L metfor-
min in artificial seawater, the environmentally relevant concen-
tration used in previous studies by Niemuth et al. (2014) and
Niemuth and Klaper (2015). Exposure groups were as follows:
C10 (control, water at 10C), M10 (water at 10C, plus
metformin 40 mg/L), C20 (water at 20C), and M20 (water at
20C, plus metformin 40 mg/L). The low temperature was
maintained with a cooling system at 10 ± 1C (similar to
seawater temperature at sampling time), whereas high temper-
ature was achieved by placing the tanks in a room with
controlled temperature. The water was changed and respiked
with metformin every 2 days to allow 500mLwater/mussel/48 h
(three mussels per 2-L tank, six replicates). Mussels were unfed,
oxygen was supplied on a constant flow, and salinity, pH, and
a 12-h light/dark regime weremaintained consistent throughout
the experiment. Seventeen mussels in each exposure group were
used for analyses.
Species Confirmation
Species confirmation was performed by polymerase chain
reaction (PCR) amplification of the Glu gene using primers
Me15 and Me16 as described by Inoue et al. (1995). Primer
sequences are shown in Table 1. The expected amplicons were
a 180 bp band forMytilus edulis and a 126 bp band forMytilus
galloprovincialis.
Neutral Red Retention Time (NRRT) Assay
At the end of the experimental exposure, hemolymph of five
mussels from each group was extracted for cytological evalua-
tion of lysosomal membrane stability using NRRT assay. The
procedure was adapted from Lowe and Pipe (1994) and
Mamaca et al. (2005) with some modifications. A dye stock
solution was prepared by dissolving 28.8 mg Neutral Red
(Sigma-Aldrich) in 1 mL of dimethyl sulfoxide. A working
solution was then prepared by diluting 2 mL of stock solution
with 1 mL of physiological saline solution (4.77 g/L HEPES,
25.48 g/L NaCl, 13.06 g/L MgSO4, 0.75 g/L KCl, and 1.47 g/L
CaCl2 to a final volume of 1 L reverse osmosis water; pH 7.3).
A volume of 0.2 mL haemolymph was withdrawn from the
adductor muscle using a 2 mL syringe with 0.2 mL of physio-
logical saline solution. A volume of 30 mL of haemolymph–saline
mixture was transferred onto the poly-L-lysine coated micro-
scope slide. Slides were placed in a light proof humidity
chamber for 15 min at room temperature. Neutral red working
solution (30 mL) was added to the area containing the attached
cells and a cover slip was applied. After 15 min of incubation,
slides were examined using light microscopy (403/1003) and
then checked at 15-min intervals.
TABLE 1.
Primers sequences used for the molecular analysis.
Primer name Forward primer Reverse primer
Glu gene (5#-3#)
Me15 CCAGTATACAAACCTGTGAAGA N/A
Me16 N/A TGTTGTCTTAATAGGTTTGTAAGA
Housekeeping gene
18S rRNA GTGCTCTTGACTGAGTGTCTCG CGAGGTCCTATTCCATTATTCC
EF1 CACCACGAGTCTCTCCCAGA GCTGTCACCACAGACCATTCC
Target gene
ER2 GGAACACAAAGAAAAGAAAGGAAG GCTGGATTAGGACTGCCACTTG
V9 TTCTGGACGAAATGCTAATGTGA GGATTGAGCGTGACGAGACC
VTG GGACCTCCACCAGTGCTAATCC ATCTCAGCGGTTCCGACTGC
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Histological Analysis of Mussel Gonads
Twelve mussels from each group were dissected after expo-
sures and fragments were stored for histological and molecular
analysis. Histological analysis was performed as described by
Ciocan et al. (2010) to determine the reproductive stage and
highlight potential histopathology conditions. Stained tissue
sections (hematoxylin, eosin) were examined under light micros-
copy (403/1003). The histopathological condition of each
sample was recorded and micrographs corresponding to these
conditions were taken.
Quantitative Real-time PCR Analysis of ER2, V9, and VTG messenger
RNA (mRNA) Expression
Small fragments (0.53 0.5 cm) of mussel gonad (12 mussels
from each treatment group) were kept in tubes with RNALater
(Invitrogen).Molecular analysis was adapted fromCiocan et al.
(2010) to examine the effects of exposures onmRNA expression
of ER2, V9, and VTG in mussel gonad.
Total RNAwas extracted from gonad tissue usingHigh Pure
RNA Tissue Kit (Roche) following the manufacturer instruc-
tion. The concentration of extracted RNA was measured using
a Qubit Fluorometer (manufacturer instruction). RevertAid
First Strand complementary DNA (cDNA) Synthesis Kit
(ThermoFisher) was used to carry out reverse transcription of
total RNA. Concentration of first strand cDNA was also
recorded using Qubit dsDNA Assay Kit (ThermoFisher).
All quantitative real-time PCR reactions were performed in
duplicate using FastStart Essential DNA Green Master (Roche)
following the given instruction bymanufacturer. To determine the
specificity of target cDNA amplification, a control lacking cDNA
was included in each quantitative polymerase chain reaction run.
Amplification reactions were run in a Roche LightCycler Nano
System with the following parameters: 95C for 10 min, 45 cycles
of 20 sec at 95C, 20 sec at 48–60C, and 20 sec at 72C. Melting
curves were determined to analyze the specificity of the reaction
and identify the presence of primer dimer by holding the reaction
at 65C for 1 min and 95C for 1 min. Housekeeping genes 18S
ribosomal RNA (18S rRNA) and elongation factor-1 alpha (EF1)
were used as the internal control genes. Primer sequences used in
quantitative real-time PCR analysis are shown in Table 1.
Data Analysis
Raw data (cycle quantification) from quantitative real-time
PCR analysis of each ER2, V9, and VTG mRNA expression was
normalized using the average cycle quantification of housekeeping
genes, 18S rRNA and EF1, corresponding to each sample. The
calculation of relative changes in target genes expression de-
termined from quantitative real time PCR followed the compar-
ative 2–DDCTmethod as described byLivak and Schmittgen (2001).
Statistical analysis was carried out using GraphPad Prism 7.
One-way analysis of variance was performed, followed by Tukeys
multiple comparison test to identify the difference between the
groups with P < 0.05.
RESULTS
Species Confirmation
Mussel species Mytilus edulis was confirmed by amplifica-
tion of the Glu gene, following Inoue et al. (1995) protocol.
Figure 1 shows the result ofGlu gene amplification visualized on
0.8% agarose gel electrophoresis. Analyzed samples (two
random samples from control and exposed groups) exhibited
a single band size 180 bp, corresponding toMytilus edulis.
Neutral Red Retention Time Assay
A statistically significant difference in NRRT was observed
between the C10 and C20 groups andM10 andM20 treatments
(Fig. 2). Nevertheless, the increased temperature failed to elicit
a response in lysosomal membrane stability (C10 compared
with C20, and M10 compared with M20). Exposed groups
(M10 andM20) showed a decline in NRRT compared with C10
and C20 groups, regardless of the temperature exposure (Fig. 2).
Histological Analysis
At the end of the experiment, the mussels showed an overall
sex ratio of 1:1. Control mussel gonads did not exhibit any
pathology (Fig. 3). Follicle dilation and atresia are the most
Figure 1. Results of Glu gene amplification visualized on 0.8% agarose
gel electrophoresis. Lanes 1 and 2, samples confirmed as Mytilus edulis
(180 bp); lane L, exACTGene 100 bp DNA ladder; lane 3, Mytilus
galloprovincialis (126 bp); and lane 4, negative control.
Figure 2. Summary of NRRT in lysosomes frommussel hemocytes (n$ 5).
C10, control group, seawater at 108C; M10, group exposed to metformin
40 mg/L, seawater at 108C; C20, no metformin, seawater at 208C; M20,
group exposed to metformin 40 mg/L, seawater at 208C. Mean data; bars
represent SD. Bars with a different letter represent statistically significant
different set of data (P < 0.05). Groups C10 and C20 differ significantly
from groups M10 and M20.
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observed pathological conditions in mussels exposed to high
temperature (C20 and M20). Follicle degeneration and gamete
degradation are observed in mussels exposed to metformin
(M10 and M20). Interestingly, the results indicate that both
metformin and high temperature exposures are more likely to
impact female gonads (Fig. 4).
Quantitative Real-time PCR Analysis of ER2, V9, and VTG mRNA
Expression
Variations in the ER2, V9, and VTG mRNA expression
calculated as fold changes comparedwith control groupC10 are
displayed in Figure 5. The expression of ER2 mRNA - is
upregulated in high temperature group regardless of the
presence of metformin (Fig. 5A). The expression of V9 mRNA
is possibly suppressed by both high temperature and metformin
exposures, although the results are not statistically significant.
By contrast,VTGmRNA expression is statistically significantly
upregulated in all exposed groups (Fig. 5B, C).
DISCUSSION
Neutral Red Retention Time Assay
Mussels are known to respond to environmental stressors by
altering metabolic rates and enzyme activities (Widdows 1973).
Lysosomal membrane stability is a very sensitive indicator of
cellular damage, as lysosomes constitute main cellular sites for
sequestration and detoxification of metal and organic contam-
inants (Dailianis et al. 2003). Thus, the response to the uptake of
any contaminant may lead to lysosomal membrane damage,
a subcellular pathological reaction linked to augmented auto-
phagic sequestration of cellular components (Sforzini et al.
2018). Therefore, the NRRT assay measures the ability of
cytological processes to adjust to stress conditions (Lowe &
Pipe 1994).
According to the threshold values of NRRT assay in marine
bivalves set up by Moore et al. (2006), control mussels in this
present study (C10 andC20) can be considered healthy, whereas
the metformin exposed groups are categorized as stressed, but
not severe. To our knowledge, this is the first record of a 6-day
exposure of adult mussels to environmentally relevant concen-
trations of metformin, resulting in a drastic decrease in NRRT
in hemocytes (approximately 45% reduction). Mussels exposed
to metformin and thermal stress showed typical signs of stress
response, such as remarkable lysosomal membrane destabiliza-
tion. Usually, these stress signals are accompanied by mobili-
zation of neutral lipids and enhanced glycolysis, with
deleterious consequences on growth and reproduction, as
shown by Marigomez et al. (2017).
Histological Analysis
The mussels used in this study were in the incipient
stages of gonad development. Following experimental
exposure, pathologies such as follicle dilation and atresia
(Fig. 4C, G, I) were prevalent in mussel gonads exposed to
Figure 3. Summary of histopathological condition observed in mussel
gonadal tissue (n$ 12). C10, control group, seawater at 108C;M10, group
exposed to metformin 40 mg/L, seawater at 108C; C20, no metformin,
seawater at 208C;M20, group exposed to metformin 40mg/L, seawater at
208C.
Figure 4. Micrographs showing normal and pathological conditions in
gonad tissue. (A) Normal histology, male; (B) inflammatory reaction,
male; (C) follicle dilation, male; (D) follicle degeneration, male; (E)
normal histology, female; (F) inflammatory reaction, female; (G) follicle
dilation, female; (H) follicle degeneration, female; (I) atresia, female; and
(J) gamete degradation, female. Arrows point to each pathological
condition. Scale bar$ 200 mm.
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high temperature (C20 and M20). Gosling (2015) states
that temperature is the exogenous factor that most likely
has an impact on gametogenesis in bivalves, with Bayne
(1975) recording a linear relationship between the rate
of temperature change and gametogenesis in Mytilus
edulis.
Atresia of oocytes usually occurs at the end of vitellogenesis,
but hydrolytic enzymes released from lysed oocytes also may
affect previtellogenic oocytes (Beninger & Le Pennec 2006). It is
suggested that at the time of the lowest level of energy reserves
in adductor muscle, these lysed oocytes have the function to
supply metabolic substrates for energy production (Beninger &
Le Pennec 2006). Present findings indicate that temperature
exposure may trigger oocyte atresia by increasing the rate of
vitellogenesis. Extensive oocyte atresia, a symptom of repro-
ductive impairment as a result of an environmental insult,
would provide a surplus energy source to cope with extra
metabolic demand, at the expense of successful spawning and
fertilization.
Recent studies have reported that many marine contami-
nants have a powerful impact on mussel gametogenesis (Zorita
et al. 2006, Bacchetta & Mantecca 2009, Ciocan et al. 2010,
Cubero-Leon et al. 2010, Iyapparaj et al. 2013). This article
shows that follicle degeneration (Fig. 4D, H), gamete degrada-
tion (Fig. 4J), and follicle dilation (Fig. 4A, C, G) are the most
common pathological conditions in mussels exposed to metfor-
min (M10 and M20). These observed effects may lead to
disruptions in the reproduction process, resulting in time-
limited survival, as demonstrated previously by Mugica et al.
(2015). Furthermore, gamete degradation may generate gamete
incompatibility, which can result in a mismatch between ova
and sperm recognition proteins (Gosling 2015).
A recent study by Niemuth and Klaper (2015) showed that
metformin induced intersex in fathead minnow Pimephales
promelas males, after exposure to environmentally relevant
concentrations. The present article provides evidence that same
low levels of metformin in the seawater (40 mg/L) are potent
enough to initiate gonad pathologies in the blue mussel,Mytilus
edulis. Interestingly, data show that both metformin and high
temperature exposures are more likely to affect female mussels.
Cappello et al. (2017) also found that drospirenone, a progestine
with pharmacological mechanisms of action like progesterone,
induces histological changes mainly in female mussel gonads.
Quantitative Real-time PCR Analysis of ER2, V9, and VTG mRNA
Expression
Quantitative PCR analysis highlights the up regulated
expression of the steroid receptor, ER2, in high temperature
groups (C20 and M20), showing a 2.85-fold change compared
with control group C10 (Fig. 5A). As steroid receptors are
considered estrogen specific biomarker genes, these results
clearly suggest that mussel gametogenesis is affected even after
short exposure to high temperatures. By contrast, mussels
exposed to metformin at 10C show a slight downregulation
of ER2 mRNA expression compared with control group C10
(Fig. 5A), although not statistically significant. The existence of
natural variation of ER2 should also be taken into account, as
reported by Ciocan et al. (2010).
Egg yolk related proteins and associated gene expression
have been recently shown to decrease after exposure to heavy
metals (Gerbron et al. 2015). The precise underlying mechanism
resulting in the variation of expression of those transcripts is
unclear because of the ongoing debate surrounding the
presence and/or function of steroid hormones in bivalves
Figure 5. Summary of ER2 (A), V9 (B), and VTG (C) mRNA expression
compared with control group (C10) in mussel gonad (n$ 12). C10, control
group, seawater at 108C;M10, group exposed tometformin 40mg/L, seawater
at 108C; C20, no metformin, seawater at 208C; M20, group exposed to
metformin 40 mg/L, seawater at 208C. Bars represent SEM. Bars with a
different letter represent statistically significant different set of data (P < 0.05).
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(Scott 2012). Both V9 and ER2, as well as VTG, have
previously been identified as upregulated in mussels (Ciocan
et al. 2010, Ciocan et al. 2011, Nagasawa et al. 2015), scallop
(Osada et al. 2004), and oyster (Andrew et al. 2010, Ni et al.
2014) exposed to estrogens under laboratory conditions, and
in the clam Scrobicularia plana exhibiting intersex conditions
(Ciocan et al. 2012).
In this study, mussels exposed to metformin and high
temperature display a downregulation, although not statisti-
cally significant, ofV9mRNA expression, in all exposed groups
compared with control group (Fig. 5B). By contrast, VTG
mRNA expression is upregulated in all treatment groups (C20,
M10, and M20), showing a statistically significant increase
compared with the control (Fig. 5C).
Despite the fact that metformin is not considered a classical
EDC, the results presented herein suggest that some pharma-
ceutical compounds, such as metformin, have the potential to
impact the reproductive capacity of marine mussels, by acting
as a nontraditional endocrine disruptor. Metformin, a tradi-
tional pharmacological activator of AMP-activated protein
kinase is potentially able to impact the development and mainte-
nance of reproductive function through inhibiting progesterone
receptor function (Wu et al. 2011). In mammals, metformin
treatment has been shown to directly inhibit ovarian steroido-
genesis (Rice et al. 2009).
CONCLUSION
In summary, this study shows for the first time that the
antidiabetic pharmaceutical, metformin, alone or coupled with
high temperature, can alter the immune response in blue
mussels, initiate pathological conditions in gonad, including
gamete degeneration and atresia, and upregulate VTG mRNA
expression up to 13-fold compared with the control group.
These findings suggest the potential of metformin to act as
nonclassical EDCs in the environment, and further investiga-
tions are needed to elucidate the mechanism of action.
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